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Abstract—In this letter, we study the impact of nonlinear high
power amplifier (HPA) on simultaneous wireless information
and power transfer (SWIPT), for a point-to-point multiple-
input multiple-output communication system. We derive the rate-
energy (RE) region by taking into account the HPA nonlinearities
and its associated memory effects. We show that HPA signifi-
cantly degrades the achievable RE region, and a predistortion
technique is investigated for compensation. The performance
of the proposed predistortion scheme is evaluated in terms of
RE region enhancement. Numerical results demonstrate that
approximately 24% improvement is obtained for both power-
splitting and time-splitting SWIPT architectures.
Index Terms—SWIPT, high power amplifier, memory effects,
predistortion, PAPR.
I. INTRODUCTION
S
IMULTANEOUS wireless information and power transfer
(SWIPT) is a promising technology to provide energy
sustainability and ubiquitous connectivity to low power wire-
less devices [1], [2]. As there will be huge deployment of
smart devices in the era of massive machine-type commu-
nications and internet of things, it is practically impossible
to regularly recharge these devices [3]. Hence, SWIPT has
gained increased attention over the last few years, as it enables
simultaneous communication and energy harvesting through
fully-controlled dedicated radio-frequency (RF) signals.
For proper implementation of SWIPT, we require energy
harvesting at the receiver with higher efficiency. Various
strategies and signal waveforms exist in literature [2], [4] that
take into account the nonlinearity of the rectification circuit.
Specifically, experimental results demonstrate that waveforms
with high peak-to-average-power-ratio (PAPR) e.g., multi-
sine, chaotic signals etc, boost the wireless energy transfer
efficiency [5], [6]. However, high PAPR signals are more
susceptible to high-power amplifier (HPA) nonlinearities.
A typical HPA is unable to successfully transmit unclipped
high PAPR signals. As a result, the transmitted signal gets
distorted even before its transmission. Moreover, a practical
HPA also exhibits some degree of memory i.e., the HPA output
not only depends on the current HPA input, but also on the past
HPA inputs [7]. Despite these experimentally demonstrated
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observations, existing works do not consider the effects of
HPA on the rate-energy (RE) performance of SWIPT. Hence
we investigate these effects in SWIPT systems.
In this letter, we model the characteristics of HPA and we
study its effects by considering a basic point-to-point multiple-
input-multiple-output (MIMO) SWIPT system. We prove that
the distortions introduced by the HPA nonlinearities and its
associated memory effects are not independent of the input
signal; these HPA-based practical impairments are taken into
account in our SWIPT analysis. We characterize the achievable
RE region of the considered MIMO SWIPT system, and we
show that HPA significantly squeezes SWIPT performance.
As a result, a noteworthy enhancement of the RE region is
attained by opting for predistortion, which linearizes the HPA
performance up to its saturation; the proposed predistortion
enables the transmission of unclipped high PAPR signals. To
the best of authors’ knowledge, this is the first work that deals
with the impact of PAPR on MIMO SWIPT systems.
II. SYSTEM MODEL
We consider a point-to-point MIMO system as illustrated in
Fig. 1, with NT transmit and NR receive antennas. Assuming
a discrete time baseband channel with uncorrelated quasi-static
frequency flat fading, the received signal in symbol time n is
y = Hxout + v, (1)
where y=[y1(n), · · · , yNR(n)]
T is the NR×1 received signal
vector, xout=[xout1(n), · · · , xoutNT (n)]
T is the NT × 1 HPA
output vector at the transmitter, v is the NR × 1 noise
vector with elements belonging to independent and identically
distributed (i.i.d.) complex circular Gaussian distribution i.e.,
CN (0, σ2v) and uncorrelated with the transmitted symbols, and
H denotes the NR × NT channel gain matrix. The entries
of H are i.i.d. complex Gaussian random variables, each
with a CN (0, 1) distribution. The vector xout can be ex-
pressed as xout=fHPA(xin), where fHPA(·) is the HPA function
and xin=[xin1(n), · · · , xinNT (n)]
T is the NT × 1 HPA input
vector. In particular, xin depends on the NT × 1 unit-norm
beamforming vector wT=[wT1(n), · · · , wTNT (n)]
T and the
primary transmitted symbol x(n) with power Pt.
Signals received from NR branches of the receiver
are combined with a NR×1 combining vector wR=
[wR1(n), · · · , wRNR (n)]
T to obtain the signal Ψ(n) and fed
to a SWIPT block, which can be both time-switching (TS)
or power-switching (PS) in nature. Let ρ, τ ∈ [0, 1] denote
the power and time splitting parameter, respectively [2]. The
information decoder (ID) extracts the information content from
Ψ(n) in the presence of an additional circuit noise a, caused
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Fig. 1. Block diagram of the considered MIMO system with nonlinear dynamic HPAs.
due to the RF-to-baseband conversion; this additional noise is
modelled as a ∼ CN (0, σ2a).
The harvested energy EH can be expressed in terms of the
input power ξ at the energy harvester (EH) as EH = ph(ξ),
where ph(·) is a non-decreasing function of its argument.
In general, ph(·) is a monotonic nonlinear function and is
modelled by a piece-wise linear model [4] i.e.,
EH = ph(ξ) =


0 ξ ≤ plh,
ηξ plh ≤ ξ ≤ p
u
h,
ηpuh ξ > p
u
h,
(2)
where plh is the minimum RF input power required for har-
vesting, puh is the saturation RF input power level above which
the harvested output power remains practically constant, and
η ∈ [0, 1] is the constant energy1 efficiency when ξ ∈ [plh, p
u
h].
III. HPA MODEL
In this section, we characterize the HPA by taking into
account the practical imperfections associated with it. This
aspect of HPA modeling is extremely crucial for SWIPT, as it
has a direct impact on the performance for both information
and energy transfer (see the diagram in Fig. 1).
A. HPA model characterization
The practical HPA output differs from the ideal response due
to the presence of nonlinearities and memory effects [8] that
severely degrade the system performance. A practical HPA
output signal xout(n) depends on both the present and past
HPA input signals i.e., xout(n) = f(xin(n), xin(n−1), xin(n−
2), · · · ), where xin(n) is the HPA input signal during the
n−th symbol duration. The memory effects are normally
attributed to time delays and/or phase shifts in the matching
networks and circuit elements used. Existing works [9], [10]
study the impact of HPA nonlinearities by considering a
memoryless model. As a result, the dynamic behavior of HPA
is not captured. To closely mimic the nonlinear HPA behavior
with memory effects, a low-complexity and mathematically
tractable memory polynomial model (MPM) is adopted to
model the HPA i.e.,
xout(n) =
P∑
p=1
M∑
m=0
cp,mxin(n−m)|xin(n−m)|
p−1, (3)
1Energy and power are used indistinctly in this work, which can be
interpreted in terms of normalized symbol duration.
where P is the non-linearity order, M is memory depth, and
cp,m with p = 1, · · · , P, m = 0, · · · ,M, denotes the complex
MPM coefficients [8]. The memory depth (M) implies that
xout(n) depends on the past M input samples i.e, xout(n) =
f(xin(n), · · · , xin(n−M)). Accordingly, (3) can be written in
a generic form as xout(n) = ΦCHPA, where
Φ =


xin(n)
...
xin(n−M)
xin(n)|xin(n)|
...
xin(n−M)|xin(n−M)|
...
xin(n−M)|xin(n−M)|P−1


T
, and
CHPA = [c1,0, · · · , c1,M , c2,0, · · · , c2,M , · · · , cP,M ]
T . Thus for
a given set of input-output sample pairs, we recursively obtain
CHPA by solving an over-determined system of equations by
using a least square method [11, Chapter 6].
B. Analytical insights into HPA output xout(n)
From (3), we observe that xout(n) jointly depends on xin(n),
HPA memory, and nonlinearities. By rewriting (3), we have
xout(n) =
P∑
p=1
M∑
m=0
cp,mxin(n−m)|xin(n−m)|
p−1 (4)
=
P∑
p=1
cp,0|xin(n)|
p−1
︸ ︷︷ ︸
scaling factor
xin(n)︸ ︷︷ ︸
desired signal
+
P∑
p=1
M∑
m=1
cp,mxin(n−m)|xin(n−m)|
p−1
︸ ︷︷ ︸
distortion
=∆HPA(xin(n))xin(n) + δHPA(xin(n)),
where ∆HPA(xin(n)) and δHPA(xin(n)) denote the scaling fac-
tor and the distortion corresponding to the HPA input signal
xin(n), respectively. From (4), we observe that ∆HPA(xin(n))
captures the nonlinearity of HPA, while δHPA(xin(n)) repre-
sents both the nonlinearities and memory effects.
Existing works [9], [10] characterize the impact of HPA
nonlinearities based on Bussgang’s theorem [12], which states
3that the HPA output signal xout(n) can be represented as a
sum of the scaled useful signal and an uncorrelated nonlinear
distortion component. However, we prove the contrary below.
Proposition 1. The distortion generated at the output of each
HPA is correlated with the input signal i.e.,
E{x∗in(n)δHPA(xin(n))} 6= 0. (5)
Proof. The proof is provided in the Appendix.
As the proposition implies, the distortion is correlated with
the input signal and this effect cannot be ignored, if we are
investigating the role of HPA in SWIPT systems.
IV. HPA-BASED MRC/MRT BEAMFORMING
We study the impact of HPA on a point-to-point MIMO
communication system that employs maximum-ratio com-
bining/transmission (MRC/MRT) beamforming schemes. We
consider MRC/MRT MIMO as a simple case to demonstrate
the impact of HPA in MIMO SWIPT architectures.
From Section II, the HPA output vector xout=fHPA(xin),
where fHPA(·) is the HPA function, and xin is the HPA
input vector. We also know that xin=wTx(n) depends on
the primary transmitted symbol x(n) and the beamforming
vector wT . Hence, we have xout=fHPA(wTx(n))=∆HPA ◦
wTx(n) + δHPA, where ◦ refers to the Hadamard prod-
uct, ∆HPA = [∆HPA1(xin1(n)), · · · ,∆HPANT (xinNT (n))]
T , and
δHPA = [δHPA1(xin1(n)), · · · , δHPANT (xinNT (n))]
T . Accord-
ingly, we obtain
y = H(∆HPA ◦wTx(n) + δHPA) + v (6)
= H(∆HPA ◦wT )x(n) +HδHPA + v.
At the receiver, signals from all the branches are weighted
by the combining vector wR to obtain the detected signal as
Ψ(n) =wHRy (7)
=wHRH(∆HPA ◦wT )x(n) +w
H
RHδHPA +w
H
Rv,
where (·)H represents the Hermitian transpose of a matrix. To
maximize the signal component, the optimal wT is chosen as
wT =
HHwR
||HHwR||
∆HPA, (8)
where  denotes the Hadamard division and || · || is the
Euclidean norm. Substituting (8) in (7) we obtain
Ψ(n) = ||HHwR||x(n) +w
H
RHδHPA +w
H
Rv. (9)
It is worth noting that due to the nonlinearity and the memory
effects of HPA, we have the additional term wHRHδHPA. As a
result, the output SNR conditioned on H is
γ =
Pt||HHwR||2
||wHRHδHPA||
2 + ||wHRv||
2
(10)
=
Ptw
H
R (HH
H)wR
||wHRHδHPA||
2 + σ2v ||wR||
2
.
Note that if we ignore the HPA effects, we have δHPA =
0. Hence, maximizing γ with respect to wR is equivalent to
finding the squared-spectral norm of H. This squared-spectral
norm is the maximum eigen-value ofHHH i.e., Λmax, and the
eigenvector of HHH corresponding to Λmax is the optimum
DPD HPA
Modified HPA
xin(n) xout(n)
O/p
I/p
O/p
I/p
O/p
I/p
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Fig. 2. Predistortion system (Cascade of DPD followed by HPA).
w∗R, which maximizes γ to yield γmax [13]. As a result when
δHPA = 0, we obtain the following classical expression of
γmax corresponding to an ideal NT×NR MIMO system i.e.,
γmax =
Pt
σ2v
Λmax; however this is not the case here as δHPA 6=
0.
We derive the RE region of both PS and TS architectures
in (11) by using γmax. The effect of HPA nonlinearities and
memory effects can be seen in (11), where we note the
presence of an additional term i.e., ||w∗HR HδHPA||
2 in the
denominator; ζ∈{0, 1} is a binary variable denoting the effect
of HPA on γmax. We have ζ = 0 when predistortion is
employed (discussed next) and ζ = 1 otherwise.
V. HPA PREDISTORTION SCHEME
In the previous section, we observe that γmax is affected
by the HPA non-linearities and memory effects, which in
turn negatively affects the RE region (in both PS and TS
architectures). Higher the signal power, greater is the value
of ||w∗HR HδHPA||
2 and more significant is its effect on γmax
in (11). To overcome this effect, we propose the use of digital
predistortion (DPD) [14] technique.
To linearly amplify a high PAPR signal, the peak power
of the HPA input signal must remain in the linear region of
the HPA and this affects power efficiency, which is a crucial
parameter for SWIPT. The DPD scheme allows a higher
operating point since enables the HPA to operate linearly
over its full range up to saturation. The addition of DPD
to HPA, is analogous to precoding in conventional wireless
communication. Hence, the HPA block in Fig. 1 is essentially
now the joint DPD-HPA block as seen in Fig. 2.
An ideal DPD function is the inverse of the HPA model
[8] derived in (4). However, it is difficult to analytically
characterize a DPD function 2. Hence, we follow an iterative
approach and propose Algorithm 1 for obtaining an estimate
of the optimal DPD function x
opt
dpd(n).
From (4), we can express xout(n) as
xout(n) = ∆HPA(xdpd(n))xdpd(n) + δHPA(xdpd(n)), (12)
where xdpd(n) is the DPD output signal corresponding to
xin(n). Ideally, we expect the HPA output to be identical to
the DPD input i.e., xout(n) = xin(n). Hence we obtain
xdpd(n) =
1
∆HPA(xdpd(n))
(xin(n)− δHPA(xdpd(n))), (13)
2We observe that the number of coefficients P (M+1) grows rapidly with
P and/or M . However as it can be seen from the numerical results, small
values of P,M are sufficient to produce an accurate HPA model. Please note
that the additional cost of using DPD at the transmitter end, along with its
associated complexity is beyond the scope of this work.
4CRE =


⋃
0≤τ≤1
{
(R,E) : R ≤ (1 − τ) log2
(
1 +
PtΛmax||w∗R||
2
ζ||w∗HR HδHPA||
2 + σ2v||w
∗
R||
2 + σ2a
)
, E ≤ τph(Ψ)
}
, TS
⋃
0≤ρ≤1
{
(R,E) : R ≤ log2
(
1 +
(1− ρ)PtΛmax||w∗R||
2
(1− ρ)(ζ||w∗HR HδHPA||
2 + σ2v ||w
∗
R||
2) + σ2a
)
, E ≤ ρph(Ψ)
}
, PS.
(11)
Algorithm 1 Algorithm to estimate x
opt
dpd(n)
Require: xin(n),M, P, cpm ∀ m = 1, · · · ,M and p = 1, · · · , P ,
and acceptable tolerance ǫ > 0
Ensure: x
opt
dpd(n)
1: Initialize xdpd(n) with xin(n)
2: Set k = 0
3: Calculate estimate x̂dpd k(n) using ∆HPA(xdpd(n))
4: while |x̂dpd k(n)− xdpd(n)| > ǫ do
5: Calculate a better x̂dpd k(n) using |x̂dpd k(n)| in ∆HPA(·)
6: Set k = k + 1
7: end while
8: Set x
opt
dpd(n) = x̂dpd k(n)
by assuming known HPA characteristics i.e., M,P, cpm ∀
m = 1, · · · ,M and p = 1, · · · , P . However, we observe
from (4) that ∆HPA(xdpd(n)) is a function of |xdpd(n)| as well.
Algorithm 1 converges to x
opt
dpd(n) after a few iterations due to
the adopted least square method in (3). In this way we obtain
the DPD function in an iterative manner.
VI. NUMERICAL RESULTS
Computer simulations are carried-out to evaluate the effects
of HPA on SWIPT performance as well as the efficiency of
the proposed DPD scheme.
A. Validation of Proposed Model
Fig. 3 shows the power spectra of a 20-MHz four-channel
WCDMA signal at the output of HPA, both with and without
DPD. Non-linearity order P = 7 and memory depth M = 3
have been considered. These values were selected because the
MPM attained a minimum error with this set of values.
Simulated outputs confirm the spectrum regrowth caused
by the HPA nonlinearity and memory effects. The figure also
demonstrates that the out-of-band distortion has been reduced
considerably due to DPD and that the in-band distortion has
been eliminated as well. This is evident in the improvement
in adjacent channel power ratio values from 25 dBc without
DPD to 47 dBc after DPD linearization.
Fig. 4 demonstrates the complementary cumulative distri-
bution of the output signal against its corresponding PAPR.
Note that the output power is significantly clipped in the
absence of a DPD; a performance gap of approximately 3
dB can be observed. As a result, a low power is transmitted
regardless of the actual power of signal, which leads to low
power reaching the EH block as depicted in Fig. 1. On the
other hand, we observe that the PAPR of the HPA output signal
with DPD is very close to that of the HPA input signal i.e.,
DPD improves the PAPR and refines the original signal by
increasing the PAPR of the predistorted signal. Hence, we can
state that predistortion is extremely beneficial to applications
like SWIPT, where high PAPR signals are extremely useful.
Fig. 3. Simulated output spectra of class-AB HPA [15] before and after the
DPD linearization.
Fig. 4. Effect of predistortion on the HPA output signal.
B. Effect on SWIPT
We investigate the effect of predistortion on SWIPT. We
consider a MIMO system with NT = 3 and NR = 2 in
a Rayleigh fading scenario with 12 metres Tx-Rx distance,
2.6 pathloss exponent, and 14 dBm transmit power. Values
of plh, p
u
h, and η in (2) are −10 dBm, 2 dBm, and 24%
respectively, and σ2v = −70 dBm and σ
2
a = −50 dBm. We
consider a class AB HPA [15] and assume that the HPAs in
different antennas exhibit identical input-output relation [10].
1) Spectral Efficiency: Fig. 5 demonstrates the effect of
DPD on the spectral efficiency of considered system, where
marginal improvement of ∼ 3% is observed. Moreover the
performance of the schemes, both with and without DPD,
merge as Pt enters the saturation region; this is intuitive as
DPD enables the HPA to linearize its performance upto the
saturation point and not beyond.
2) RE region: We investigate the predistortion effect on
SWIPT in terms of RE region enhancement. We observe from
(11) that the RE region without DPD suffers from an additional
5Fig. 5. Effect of HPA distortion and predistortion on data rate.
distortion, which limits the system performance. However, this
distortion is eliminated by the use of the DPD block. Fig. 6
demonstrates that the RE region is enhanced by approximately
24% in both the PS and TS scenarios due to DPD. Note
that the maximum performance enhancement is observed at
the points A and B (∼ 21.04%), while the minimum at the
points C and D (∼ 3.36%). This is because A, B refer to
only energy harvesting with no information decoding while
C, D imply the other extreme. This means that a predistortion
does not result in much gain in terms of data rate (as seen
in Fig. 5), as in terms of harvested energy. This interesting
observation demonstrates that the performance enhancement
will be more significant if predistortion is used in applications,
where energy transfer is the primary objective i.e., ρ, τ → 1
in PS and TS architectures, respectively.
VII. CONCLUSION
In this work, we have studied the effects of HPA on the per-
formance of a point-to-point MIMO SWIPT system. We have
shown that dynamic HPA is characterized by nonlinearities and
memory that significantly degrade the achievable RE region. It
has been shown that the employment of a digital predistorter
before the HPA at the transmitter, enables the transmission of
unclipped high PAPR signals. The predistortion results in a RE
region enhancement of the considered system; approximately
24% gain for both PS and TS architectures. A promising
extension of this work is to consider more sophisticated MIMO
SWIPT architectures.
APPENDIX
The correlation between the input signal and the distortion
generated at the output of HPA
E{x∗in(n)δHPA(xin(n))} (14)
= E
{
x∗in(n)
P∑
p=1
M∑
m=1
cp,mxin(n−m)|xin(n−m)|
p−1
}
=
P∑
p=1
M∑
m=1
cp,mE{x
∗
in(n)xin(n−m)}E{|xin(n−m)|
p−1}
(a)
=
P∑
p=1
M∑
m=1
cp,mRm,nE{|xin(n−m)|
p−1} 6= 0,
Fig. 6. Achievable rate-energy region with and without predistortion.
where Rm,n in (a) is the auto-correlation function correspond-
ing to xin(n) and xin(n−m). If xin is wide sense stationary
in nature, then we have Rm,n = Rm ∀ n. Hence the proof.
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